Particles adsorb proteins when they enter a physiological environment; this results in a surface coating termed a "protein corona". A protein corona can affect both the properties and functionalities of engineered particles. Here, we prepared hyaluronic acid (HA)-based capsules through the assembly of metal-phenolic networks (MPNs), and engineered their targeting ability in the absence and presence of protein coronas by varying the HA molecular weight. The targeting ability of the capsules was HA molecular weightdependent, and a high HA molecular weight (>50 kDa) was required for efficient targeting.
INTRODUCTION
Engineered drug delivery particles that can specifically bind to diseased cells have potential for improving therapeutic efficacy and reducing harmful side-effects to healthy cells and tissue. [1] [2] [3] [4] A variety of biomolecules, such as monoclonal antibodies, 5, 6 folic acid, 7, 8 transferrin, 9, 10 and carbohydrates, [11] [12] [13] have been developed as targeting ligands for specific cellular recognition and internalization. Among them, hyaluronic acid (HA), a biodegradable, highly biocompatible, naturally existing polysaccharide, has been extensively combined with therapeutic carriers, including liposomes, 14, 15 micelles, 16, 17 and polymer nanoparticles, 18, 19 for targeted delivery of anti-cancer drugs. HA has a high binding affinity toward CD44 receptors that are over-expressed on many types of cancer cell membranes. 20, 21 HA-based drug carriers have therefore shown improved cancer-targeting efficiency and therapeutic efficacy. 22 For example, coating HA on doxorubicin-loaded liposomes significantly enhanced their antitumor activity compared with non-HA-coated liposomes. 23 Moreover, HA-coated docetaxelloaded micelles exhibited selective accumulation in tumors and higher cytotoxicity compared with commercial docetaxel-loaded micelles (i.e., Taxotere ® ) as a result of both passive and active targeting. 24 It was also reported that HA-coated liposomes exhibited different targeting ability depending on the molecular weight of the surface-bound HA. 14, 15 Increasing the HA molecular weight leads to increases in size and chain length, thereby allowing for multiple receptors to interact with a single HA molecule, resulting in enhanced HA-CD44 binding affinity and higher CD44-mediated cellular uptake. 25 When particles are dispersed in biological fluids (e.g., blood), proteins and other biomolecules adsorb onto their surfaces, forming a so-called "protein corona". 26 This protein 3 adsorption is difficult to fully avoid despite the surface modification of particles with lowfouling materials (e.g., poly(ethylene glycol), PEG). 27, 28 It is widely reported that a protein corona can endow particles with a biological identity and affect the targeting ability by screening targeting ligands. 29, 30 For example, in a model targeting reaction, proteins adsorbed on alkyne-functionalized silica nanoparticles prevented the alkyne groups from coupling with azide groups on planar silicon substrates. 31 Similarly, transferrin-conjugated silica nanoparticles lost their targeting specificity in serum-containing media. 32 The formation of protein coronas can also lead to a significant reduction in the targeting specificity of singledomain antibody-functionalized silica nanoparticles. 33 However, monoclonal antibodyfunctionalized polymer particles fully retained their targeting ability after incubation in human serum (HS). 34 Additionally, the targeting specificity of affibody-functionalized polymer particles was inhibited by protein coronas derived from HS, but enhanced by protein coronas derived from human serum albumin solutions. 35 These studies highlight the complex roles of protein coronas in the targeting ability of various particle systems. It is likely that both the type of targeting ligands and the particle systems can influence the formation of protein coronas, as well as the impact of the protein corona on targeting specificity.
Recently, we developed a simple and rapid strategy to assemble films and capsules based on the coordination of metal ions and polyphenols. 36 The obtained metal-phenolic capsules exhibited pH-responsive disassembly and minimal cytotoxicity, allowing for intracellular drug release. 37, 38 PEG-polyphenol was synthesized by conjugating catechol groups onto PEG. 39 The conjugated catechol groups then facilitated the coating of PEG-polyphenol onto calcium carbonate (CaCO 3 ) templates, and also allowed for cross-linking through metal ion coordination to form metal-phenolic networks (MPNs). Following removal of the CaCO 3 templates, the resultant MPN PEG capsules showed resistance to non-specific protein adsorption and cell adhesion. 39 Furthermore, HA-polyphenol, synthesized by conjugating 4 catechol groups to HA, was used as a building block to coordinate with metal ions and assembled into capsules, termed MPN HA capsules, based on metal-phenolic coordination. 40 The incorporation of HA significantly enhanced the specific binding affinity of capsules toward CD44 overexpressing (CD44+) cells, compared with CD44 minimal expressing (CD44-) cells. 40 However, these binding studies were performed in the absence of HS, raising the important question of whether MPN HA capsules maintain their targeting specificity in the presence of protein coronas. Therefore, it is of interest to investigate how protein coronas affect the targeting ability of MPN HA capsules and if this is HA molecular weight dependent, as HA-CD44 binding affinity is molecular weight dependent. 15, 25 Herein, we engineered a library of MPN HA capsules composed of HA ranging from 13 kDa to 230 kDa.
The influence of protein coronas on the targeting ability of the MPN HA capsules with different HA molecular weights was systematically compared using HS as the protein corona source (Figure 1) . We demonstrated that a protein corona can increase the specificity of a targeting system, since it reduces nonspecific cell interactions while maintaining specific interactions with targeted cells. Cell Targeting Studies via Flow Cytometry. As previously described, 40 
RESULTS AND DISCUSSION
Assembly of MPN HA Capsules. HA of different molecular weight (13, 51, 120, and 230 kDa) was reacted with dopamine through a carbodiimide coupling reaction to conjugate catechol groups onto HA, resulting in HA-polyphenol. The degree of catechol group conjugation was controlled to be similar, ranging from 6% to 7%, as determined by 1 H-NMR spectroscopy (Figure S1-4) . To assemble MPN HA capsules, iron(III) chloride (FeCl 3 ) and
HA-polyphenol solution were successively added into a suspension of CaCO 3 templates.
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Subsequently, increasing the pH (to 8.5) led to the instantaneous formation of MPNs due to the cross-linking of bis-and tris-catechol-iron coordination complexes. 43 Following removal of the CaCO 3 templates by EDTA solution (100 mM, pH 7.5), MPN HA capsules were obtained. MPN HA-13 , MPN HA-51 , MPN HA-120 , and MPN HA-230 capsules were prepared by employing HA-polyphenol with different molecular weights (i.e., 13, 51, 120, and 230 kDa, respectively) of HA. The obtained capsules were well dispersed in aqueous solution (Figure   2a,e,i,m) , and their structures were characterized by TEM (Figure 2b,f,j,n) . The morphology of the capsules reproduced the shape of CaCO 3 , which is consistent with previous reports on the fabrication of multilayer capsules using CaCO 3 particles as templates. [44] [45] [46] (Figure 2c,g,k,o) , and the protein coronas could be observed on the capsule surfaces in TEM images (Figure 2d,h,l,p) . These tightly bound proteins, termed the "hard" respectively. This neutralization of the surface charge is likely due to the shielding effect of the protein corona, which is consistent with previous reports on other charged particle systems. 49, 50 Moreover, the surface charge of MPN HA-13 capsules was slightly more affected 13 by the protein corona (~5 mV higher) than the other MPN HA capsules, which may be because the low molecular weight HA is more easily shielded by proteins due to its smaller size. These results are further supported by previous reports that HA-CD44 binding affinity increased with increasing sizes of HA. 15, 25 In the presence of protein coronas, MPN HA capsules still have significantly higher binding to CD44+ cells compared with CD44-cells, except for MPN HA-13 capsules which lost their targeting specificity. With a protein corona, the binding degree of MPN HA-13 and MPN HA-51 capsules was reduced by 16% and 19%, whilst MPN HA-120 and MPN HA-230 capsules retained most of their binding toward CD44+ cells with only a 5% reduction in the presence of a protein corona. These results indicate that the affinity of MPN HA capsules toward CD44+ cells could be affected by protein coronas to varying extents depending on the molecular weight of HA. When HA with a higher molecular weight was incorporated into MPN HA capsules, the binding affinity to CD44+ cells was less affected by the formation of protein coronas. It was previously reported that the reduction and loss of targeting can be attributed to the shielding of targeting ligands by protein coronas. 32 When the size of HA is larger, the HA incorporated into the capsules may extend further out from the protein corona and bind to receptors, thereby preserving the targeting ability. 
Effect of Protein Coronas on Targeting Specificity. Cell association experiments at 37
°C were then carried out to further verify the targeting specificity of protein corona-coated capsules, considering that both specific and non-specific particle-cell interactions are more active at physiologically relevant temperatures (37 °C) . with cell receptors and also because the binding affinity of HA-CD44 is sufficiently high to overcome blocking of the protein coronas. As a result, the difference between specific capsule-targeted cell association and non-specific capsule-cell association increased in the presence of protein coronas (Figure 5a) . Therefore, the targeting specificity of these MPN HA capsules (assessed by the ratio of their association with CD44+ and CD44-cells) was significantly enhanced by the presence of protein coronas: 4.7 times for MPN HA-51 capsules;
3.1 times for MPN HA-120 capsules; and 3.2 times for MPN HA-230 capsules (Figure 5b) . Our previous study found that protein coronas derived from a single model protein solution (i.e., human serum albumin) could facilitate the binding of polymer particles to targeted cells by increasing the accessibility of targeting ligands, 35 whereas herein we demonstrate that protein coronas derived from biologically relevant HS could enhance the targeting specificity of polymer capsules by maintaining specific interactions but reducing non-specific capsule-cell interactions. cells (CD44-) were employed. As observed, the molecular weight of HA above 50 kDa is required for MPN HA capsules to exhibit significant targeting specificity. The incorporation of HA with high molecular weight (51 kDa, 120 kDa, or 230 kDa) enhanced the binding affinity of capsules toward CD44+ cells. This enhanced affinity was negligibly affected by the presence of protein coronas. In contrast, the non-specific interactions of capsules with CD44cells were significantly reduced by protein coronas at 37 °C. As a result, the targeting specificity of the capsules was enhanced. Taken together, our data demonstrate that a protein corona is not detrimental, but rather beneficial, to the targeting specificity of MPN HA capsules. Given the versatility of metal-phenolic coatings, the formation of protein coronas on MPN films can potentially be used as a biological surface engineering tool and applied to other particle systems for enhanced targeted drug delivery. Additionally, as MPNs can be used to easily engineer planar surfaces, this method could allow for the selective culturing of specific cells out of complex biological media containing multiple cell types.
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